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INTRODUCTION

A number of new tasks undertaken during the semi-
annual reporting period are discussed (Sections 2 and 3).
A final report on the Hz-kinetics modeling work is
contained herein as Section 4. Our continuing work
dealing with turbulent reaction rate modeling is in
Section 5. An addition to these items, two publications
are in preparation:

1. Chinitz, W. and Evans, J. S., "A Model for
Reaction Rates in Turbulent Reacting Flows", NASA Tech.
Memorandum.

2. Chinitz, W., "Models for Calculating Reaction

Rates in Turbulent Reacting Flows", Paper to be presented

at the 1984 JANNAF Propulsion Meeting, Feb. 7-9, 1984,

New Orleans, LA.
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2. ALTERNATIVE SILAME COMBUSTION MECHANISM

The use of silane (siH4) as an effective ignitor and
flame stabilizing pilot fuel has been well documented (e.g. ref. 1l).
In order to better understand its behavior at the conditions en-
countered in the combustor of a SCRAMJET engine, and to be able
to predict its behavior at conditions which cannot be readily
achieved in the laboratory, a reliable chemical kinetic mechanism
must be developed. The first attempt at the formulation of such
a mechanism for siH4 is in ref. 1. It was shown subsequently
(ref. 2), however, that the mechanism in ref. 1 yields predicted
ignition delay times which are about five times longer than those
experimentally obtained in a shock tube.

As a consequence, an alternative mechanism was developed
in ref. 3 so as to obtain agreement with the experimental shock
tube data. The mechanism in ref. 3 postulates that silane pyrol-

ysis

SLH4 e 51H2 + Hz (i)

along with its direct oxidation

SiH, + 0, ~ SiHy + HO, (ii)
are the initiating reactions. An examination of the magnitudes
of the rate constants recommended in ref. 3 indicates that

reaction (i), along with the extremely rapid subscqueht oxidation

of 81H2

SiH2 + 02 -+ HSiO0 + OH, (iii)
are principally responsible for the disappearance of silane at

SCRAMJIET engine cperation- -conditions.
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An alternative mechanism has been developed wherein the

_§i, . reaction

“’ SiH, + 0, » SiH,0 + H,0 (iv)
i%; . along with the hydrogen atom abstraction reaction

* . SiH, + M ~ SiH; +H (v)
V%f * are the principal initiating reactions. Reaction (iv) is

3%; likely to be semi-global in nature, similar to the semi-global
2%5 reactions in the methane mechanism in ref. 4. The complete

_éi silane oxidation mechanism postu;ated is in Table I. Complete
fi details of its formulation will be presented in a forthcoming
T

NASA Contractors Report. In this status report, we focus upon
the results obtained using this mechanism.

A comparison between the shock tube data and the theoreti-
cal ignition delay times calculated using the proposed mechanism
is in figs. 1 and 2. Generally, excellent agreement is obtained
over the range of experimental conditions. A comparison between
this mechanism and that in ref. 3 obtained for a number of
SiH4/H2 mixtures at one atmosphere, equivalence ratios of 1.0
and 0.5, in the temperature range from 800K to 1250K, is in figs.
3 and 4. For most of the conditions examined, the proposed

mechanism predicts substantially lower ignition delays. Only for

the 2% SiH4 mixture at initial temperatures excceding about 930K
does the mechanish in ref. 3 predict shorter ignition delays.

The predicted effect of equivalence ratio on ignition delay
time is in fig. 5. As can be seen, in the range 0.5 o= 10.0,
increasing ¢ results in reduced ignition delays. This may parti-
ally explain the empirically-observed pyrofsoricity of silane at
one atmosphere, room temperature conditions since, under the

circumstances in which this phenomenon has been observed, highly

3
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fuel-rich regions are ceitain to exist. The effect of decreas-
ing the pressure to 0.5 atm is shown in fig., 6. As would be
anticipated from prior chemical kinetics studies, decreasing the
pressure results in increased delay times for siH4/H2 mixtures
down to 28 silane.

Perfectly stirred reactor calculations were carried out to
assess the flame-stabilizing behavior of silane. 1In fig. 7,
blowout limit correlations are shown for pure silane at 1.0 atm,
600K initial temperature using the proposed mechanism and that
in ref. 3. As can be seen, the mechanism in Table I predicts a
reduced stable flame region when compared with that in ref. 3,
Both, however, exhibit the same general shave, with (m/V)max
occurring at about ¢ = 2.5, rather than at the anticipated value
of ¢ = 1.0. The reasons for this behavior, and whether or not
it is in fact real, remain a matter of speculation. Experimental
PSR studies would be required to help settle these matters.

Computed blowout limit correlations using the mechanism in
Table I are shown in figs. 8-10 for 1.0 atm, To = 300K, 600K and
1200K, respectively, for 100% SiH4,-20% SiB4/80% Hz and 100% ”2'
The “igures make clear that the principal benefits to be derived
from using silane for purposes of flame stabilization are derived
using larger silane concentrations in regions of high equivalence
ratio. In low ¢ regions, pure hydrogen produces a larger stable
flame region. Also of interest is the unusual "reversal" behavior
at T, = 1200K in which, for the 20% SiH4/80% H, mixture, for
example, above ¢ = 1.0, increasing equivalence ratio permits

higher values of m/V. Similar behavior is observed for 100%
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SiH; down to ¢ = 0.5. The reality of this behavior must also

. await experimental PSR results.

The results in figs 8-10 are cshown once again in figs.

11-13 as ¢ versus residence time. The effect of pressure on

. blowout limit behavior is shown in figs. 14 and 15. As expected,

reducing the pressure tends to reduce the stable flame region.
Consideration of computer run times and storage limitations

require the development of a global silane oxidation model.

Such a model has been formulated for the mechanism in Table I.

The model consists of the three reactions:

2 SiH, + 0, = 2 HSi0 + 3H,

(vi)
' 2 HSiO + 02 = 2 Sioz + HZ (vii)
iy ' 2 Hy + 0, = 2 Hy0 (viii)
Y
Ao with the rate coefficients given by
i
o 4.4762
i ' .95234 + ——=— =~ 4,4286 .
‘12: y . (0.95234 ¢ 5 4 ) 1015 T2 30.
3 f,vi p5.644
5 o= 19350/RT
S
Rt _ 10 2.80 -14000/RT
f?i kf,vil =5.0 x 10 T e
B4 .190
e (2.3829¢ + _1§;12~_ - 3.5714) 6 % 0.574
i = : . 0 —rem .
ke, viii oI4T5 107 {5p—)

T3.29 e-lGSOO/RT

The minimum ranges of validity of the above model are
0.5 < p<1.0 atm
0.5 < ¢ < 4.0
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2% SiH, < X < 20% SiH,

BOO K < T_<1250K
800K < T < 3000K

Typical results cbtained using the global model are compared
with results using the compelte mechanism in Table I in figs.

16-20. Generally, the global model tends to replicate the igni-

tion phase extremely well. On the other hand, the final approach
to equilibrium is either too rapid (figs 16 - 18,20) or too slow

(fig. 19). However, previous work on global modeling (eg, ref. 5)
clearly indicates the primary importance of proper replication of

ignition behavior, in which case the model proposed above should

yield good-to-excellent results when used in computer codes

E)
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which model complex flows.
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% The forthcoming Contractors Report, mentioned earlier, will
4 . . .

H present additional results obtained using the mechanism in Table I,
i

a including estimates of reaction times, as well as ignition delay
7 times.
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SILANE OxIDATION MECHANISM
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STH4 s SIH3 ¢ H_____ . 2,00E+17_ 0, ____ . 59000, . .
STH4 +__STHY T2 STHI e M T.76E+1Y 0, T 69B0y . ...
ST H4 +_ 02 s USTH20 e _H2O_ T 2400E+14 _ Oe. ______ 19500, _. __.
ST H4 + H o SIHI___ _+ H2 ___ T 7 2,BBE+13  Oy_.__.__. 2065000 .
S1H4 ¢ 0 " SIH3 + __0OH 42106212 __ O 1280,0___.
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STHG ¢+ _HO2 = SIH3 ___ % Hzoz.___,,.____ __3,005312_ Oe___ __ 56004 . _ . __ .
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SIH3 +_ 0 s SIH20__+_ M __ . 1430FE+14. _ Oy _ ___ 20000 . _....
STH3 ¢ OH _ = SIH20___+__H2 T 5,00E¢12. Oy 0eO ___ __ .
i ¢+ S5IH20 L HIQ + H S.QOE*M .0y Y 1.1+ 1+
STH20___+ H_ s _HSIO +__ W2 3,30€414 0. _______ 10500y _ ___
STH20__+_ O c___ HSID ¢+ _OH 1,80E413 _Os____ 3080, __ _
STH20___+ __OH e HS10____+_H20 7.50E+412 0. _______170..
STH20 __+ 02 = HSIO +__HO? "3.95E414_ 0,0 29500, _ .
smzo s HO2 s HSIO ___+__H202 1,00E412 0, ______ B8000s ____
+ HSIO o H. +_ 510 5.00E+14 O __ 290004 __
usro + H = ST0____+ _H2 —2,00E414_ 0, 0.,00___ .
HS 10 s 0 e« sSIO +_QH 1,00E414 _ 0, 0.00°
S 50 e OH = SI0 ¢+ _H20 _1,00E+14 ~ 0. _____ 0,00 ____
HS 10 +_ 02 = SI0 " ¢+ _HO2 1.20E+414___ 040 3795, . 00
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0 H_ _ pH H TelE8 _ =do o Qo o e L
HZ D 0 OH OH . 98E13 0o . _.___ 100060, _
M2 . . oH H20 H 2 0513 0. ___-_______51@9,___
0? H 04 0 ZoZE.l'v .0. o2 40000 _ . .
H2 0. OH H .....7:5513.. Oy . _ _11099,_.
H2 02 oH oH —Le0E13. 00 . .. _-‘130009
H HO2 H2 02 e -—_.20%E13 0,  ___ 893,
I . HO2. OH_ _0OH SR 1. 1 -5 £ S R 1887,
H2 0 0._ H_ HDZ__ ___ ___54BE12__ 5 _ __ 57000,
0. _HQ?2 OH _..b2  _ .o " ~... 290E13 0. . 1090,
o HG?2 0z ZHen T T T 3,0E13 0e . . . O
H)g H2 H HeNg ... . Ted€l2. Oy ...._...180677,
H2 02 H _ DH _ H20 33,2014 O, 08950,
KO 2 oH 7 o . T neo2 542E10 o5 721062. .
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3. EFFECTS OF HYDROGEN ADDITION ON HYDROCARBON IGNITION
AND FLAME STABILIZATIOHN

" AR
iy -If‘u PR ;u,ai;;,‘a

REE VYRR

R Current interest in the use of hydrocarbon fuels in

SCRAMJET engines requires that methods be sought for reducing

the well-documented lengthy ignition delays and reaction times

BRI

of hydrocarbon fuels. Two possible approaches to reducing

-

these times are: (1) injecting (relatively) small quantities

RN

of hydrogen along with the hydrocarbon fuel with the hope that

ignition delay times will be more like those for H, than for

R

t
'

the CxHy:; and (2) regeneratively heating the hydrocarbon prior

ety

e b i

to its injection into the combustion chamber so as to pyrolyze

'

. (thermally crack) it, with the expectation that substantial

jé quantities of hydrogen will be among the pyrolysis products.
t; Studies are underway to investigate both possibilities. Some
ié preliminary results are presented here, with additional results
% to be reported upon in a future status report.

% Ignition delay times are shown in fig. 1. Calculations
IEA have been carried out selecting propane (C3H8) as the represen-
‘E tative hydrocarbon fuel using the chemical kinetic mechanism

i« for propane in ref. 1. To date, runs have been made using

é HZ/C3H8 fuel mixtures up to -3% (by volume) Hy. As can be

%‘ seen in fig. 1, at 1.0 atm, ¢ = 1.0, the reduction in ignition
%é delay time compared with that for pure C3H8 is slight. For

1% example, at T, = 1000K, tyn = 0.05 sec for Cjlg and about

{5 0.025 sec for the 33% H2/67% C3H8 mixture. On the other hand,
i typ © 10™% sec for pure H, at T_ = 1000K (ref. 2). It is

; : recognized, however, that 33% Hz in the fuel mixture represents
¢ 29
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very little hydrogen by mass. As an exemple, the mass eguiva-

lent of the 20% 3134/80% rixture as applied here would result

in a fuel mixture of 98.88% 52/1.12% CyHg by volume. Clearly,

then, calculations must be carried out for fuel mixtures sub-

stantially in excess of 33% H, (by volume). A similarly wide

range of Hz/CxHy ratios was utilized in the experiments of

Cookson (ref. 3), shown schematically in fig. 2. His tests, the

results of which are in fig. 3, would span the range from about
33 n, to nearly 96% H, {by volume) had his "main" fuel been

C3H8 rather than kerosene, It is interesting to note that using

mode A (see fig. 2), ignition could be achieved at reasonable
kerosene injection pressure ratios using relatively small quanti-

ties of Hy (about 3% to 33% by volume), whercas mode B required

much more substantial quantities of H2 (33% ~ 96% by volume).

Blowout limit correlations obtained using the PSR code

are shown in figs. 4 - 7. Fig. 4 duplicates the conditions of

Longwell anad Weiss (ref. 4) and, as can be seen, the calculated

curve compares well with the experimental one, thereby increasing

confidence in the chemical kinetic mechanism in ref. 1. 1In figs.

5 and 6, for C3H8/H2 mixtures, little improvement is noted in
the flame stabilizing properties of these mixtures over pure
C3H8 up to 20% Hz. A similar conclusion holds for CH4/}§2 mixtures,
as seen in fig. 7. Additional results will be obtained for
CxHy/H2 mixtures having higher concentrations of hydrogen.

An investigaticn has been made of the likely equilibrium
products resulting from propane pyrolysis. The pyrolysis reaction
was assumed to be (in accordance with ref. 5)

30
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C3H8 + a C3H8 +b CZH4 + d C84 + e H2
In this case, the equilibrium concentration of Hz in the ranges
800K < T < 1200K, 0.5 <P <1.0 atm is calculated t6 be about
40% by volume (see fig. 8). It is also of interest to note that
in these ranges, the remaining 60% by volume is almost entirely
C2H4 (see fig. 9). Streamtube and PSR calculations with these

concentrations as input to assess ignition and reaction times

and flame stabilization behavior are planned.
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4. INVESTIGATION OF THE RANGES OF APPLICABILITY OF CHEMICAL
KINETIC MODELS OF HYDROGEN-AIR COMBUSTION

This section is an upgraded and refined version of
Section 4 in our previous Semi-Annual Status Report and

represents a final report on this gubject.

42
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4.1. Introduction

4.1.1 HKotivation for the Present Study
The study of hydrcogen-fucled pupersonic combustion
ramjets (scramjets) has been a major part of the research
programs of the Hypersonic Propulsion Branch at the Langley
Research Center. Scramjets take advantage of high flignt Macn
numbers ‘{greater than 5) to achieve propulsion efficiencies

greater than that of ramjet engincs.1

Propulsion efficiency

is a measure of the thrust energy out divided by the combustion
energy in. Due to the great flight speeds of scramjets (#Mach
numbers range from 4 to 7), there are time constraints for
combustion within a combustor of reasonable si:ze.

As a result of these time constraints, minimal ignition
delay times are desirable. Figure 1 shows a plot of the log of
the ignition time versus initial temperaturc for various fuels.
Hydrogen fuel has a very low ignition delay time relative to
hydrocarbon fuels. It is this low ignition delay time which
makes hydrogen a valuable fuel for scramjets. It becomes a
necessity, therefore, to study in detail hydrogen-air
combustion.

Most studies, thus far, have been experimental
investigations., This dependence on empirical results is due toO
the complexity of the flow around fuel injectors with
three~dimensional geometries, which are not casily treatea

analytically. Numerical solutions have generally been

-43_
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restricted to two- or three-dimensional parabolic flow with
oversimplificd chemistry models of the Hp~air system. These
numerical solution schemes are applicable only in the parabolic

flow region well downstream of the digturbance
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% OF POOR QUALITY
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FIGURE 1 IGNITION WELAY L1hZz V3,
INITIAL TELFZR~TURE

caused by the transverse fuel injection used by scramjet
combustors in order to achieve rapid mixing and reaction. A
priori knowledge of the extent of fuel mixing, ignition, and

reaction is required to initiate calculations.

In spite of the difficulty in obtaining quantitative
information, a sufficient data base has been established to
Gefine a scramjet engine concept and to permit fabrication of

subscale engine mcdels with integrated inlet, combustor, and

_nozzle componentg. The current scramjet is designed to operate
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v

at stagnation temparaturec between 900°K and 2200°K2
wvhich correspond to a flight Hach number range from 4 to

7. In ground tests of subscale engine modeln3

, however,
problems were encountered in obtaining ignition and
sustaining reaction at test conditions where ignition ana

sustained reaction were expected.

The need to better understand the chemical mechanism
of the ignition and reaction of Hp-air mixtures at
conditions typical of a scramjet combustor has lea to many
analytical studies. Most of the analytical studies at the
Langley Research Center, as well as this present stuay,
use a computer program (references 4 and 5) to solve
flowing, chemical-kinetic, isobaric, stream-tube problems
involving many chemical species. It is known that the
computationai time requirements for any computer program
employing detailed chemical kinetics is proportional to
the number of species and reactions being treated. It is
the purpose of this effort to develop a method which
reduces these numbers in the study of Hp-air combustion
and at the same time preserve the correct physical-
chemical behavior. The result of this work will be to
reduce computer time and computer storage requirements.
Methods for reducing computational times are presented in

section two of this work.

-45-



4. 2. Hethods to Reduce Computational Times

The method proposed in this work to reduce
computer run times is an extension and refinement of
the method proposed by Chintz in reference 9. This
method involves the tracking of a "trigger® species
which is used to determine whether the flow is in an
®*ignition” mode or in a “"combustion” mode. Ignition
and combustion are defined in the classical sense,
Ignition delay time is taken to be the time requirea
for the temperature increase to reach five percent of

the overall temperature increase:
Tig = To + 0.05('1‘eq - To) (1)

When the temperature is less than the ignition
temperature, the flow is in the "ignition" moae.
Otherwise, the flow is in the "combustion" mode.

(See Figure 2).

It will be shown that while an extensive
chemnical package is needed to describe the "ignition”
mode, a smaller package is sufficient to deal witn
the "combustion™ mode. Evans and SChexnayder1o
concluded that a 25-reaction scheme involving 12
species (designated 25(12) herein), was required to
describe "ignition®™ processes, while an 8(7) sufficea

to deal with the "combustion® mode. The work

_4c -
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discussed herein desccribes efforts to minimize the
computational time requirements once the "combustion”
process is initiated (i.e. a smaller package or one
that takes ;eas computational time than the 8(7)
system might suffice to deal with the "combustion®

mode).

A 37(13) system is used as the "test”
chemical-kinetic package (Table 1). Any smaller
system is "tested”™ against the 37(13) system to see
if the correct physical chemical behavior is
preserved. This is accomplished in the following

ways

First, the full 37(13) system is run from tne
initial state to equilibrium. Hext, the test systéh

is run from the point where the “"combustion" in the

37(13) system initiates. The test system's initial

values (pressure, temperature, eguivalence ratio and
chemical composition) are that of the 37(13) system's
values at the point of “combustion". Temperature-
time profiles and chemical behavior are compared (see
Figure 3). 1If the difference between the 37(13)

system and the test system is within an acceptable
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range, the test cystem will be sufficient to deal

with the "combustion® process.

Graphs of the mass fraction of the trigger
ppecies vcrous time and ignition temperature versus
mass fraction of the trigger species at ignition are
made in accordance with reference 9. The cases from
the 37(13) system serve as the data base.

An 8(7) system (Table 2) is tested to confirm
the results of Evans and Schexnayder.'o. The
8(7) system is run from the initial state to
equilibrium to determine if there are any initial
conditions where the 8(7) system describes the entire

process (i.e. both ignition and combustion).

In order to further reduce computational
times, a 2(5) global model (Table 3) developed by
Rogers and Chinitz in reference 11 is tested. The
method proposed in that paver must be altered to
include the effects of pressure. The Arrhenius

equation will have the form:
key = Byl B, P )T exp(-Ej/PT) (2)

The values of the paramaters may be different from

those in reference 11 because they are fixed
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arbitrarily so that the 2(5) system describes the
37(13) systen.

Lastly, the so-called "partial equilibrium®
assumption of reference 12 is examined in connection
with an 8(7) cystem in an effort to minimize
computational times. The B8(7) mechanism consists of

the following reactions:

820 + 0 = OH + 0OH (1)
Bzo +H = OH + H, (ii)
O2 +H = OH + O (ii1l)
Hz + 0 = OH + H (iv)
“20 + M = H + OH (v)

32 + M = H +H +M (vi)
o2 + M = 0 +0 + M (vil)

OH + MM = 0 +H +M (viii)

puring the ignition dclaybperiod, all eight
reactions play a role; however, in the “"combustion”
mode, the bimolecular shuffle reactions occur go
rapidly in both directions that under some conditions
they may be basically in equilibrium. The "partial

equilibrium” assumption takes ractions (1i)=-(iv) to pe

L.
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in equilibrium (infinitely fast reaction rates),

while reactions (v)=-(viii) continue to occur at a

finite rate.

Infinitely fast reaction rates can be app-
roximated by assigning very large values to the
preexponential factor in the forward reaction rate

constant (e.g. 1050

). The backward veaction rate
constant is then very large to satisfy K = kf/kb
The values of the preexponential factors of reaction
(i) to (iv) are determined so0 that the system des-

cribes the "combustion™ process.

To obtain these results, 45 one-dimensional,
constant pressure, Bz-air computations were

performed .in the ranges:
0.5 < ¢ < 1.5

850 < T <1200

0.5 < p <1.0

where { is the equivalence ratio, T is the
temperature in °K, and p is the pressure in atmos-
pheres. A listing of these individual cases is given
in Table 4. Comparison of the computational times

are then made and recommendations are discussed.



Sty

R

e
JUNTRTINY

RN AT
B T P

e i
e Y AT

Ao Sp i SURII. 4 IR PTG SUERRIPERES RIS SS A DL Bt St

A

R,

PP R RS

Ry

T 6 e A 4 e U e e Y O Y

it !

RO
20N

e oy T
QUESARER ZY R -

s I;ZJ"}::“‘.’H‘

g

b s Vit i 0 WL

[ et scimson

4.3. Results and Discussion
4.3.1 Sumnary

All 45 cases in Table 4, as well as the nine
cases marked with an exclamation point, were
performed on the 37(13) and 8(7) systems,
respectively, in both the ignition and combustion
modes.  In addition, the 15 cases marked with an
asterisk were tested on the 8(7) system, the global
model, and the "partial equilibrium™ model starting
at the ignition point. These 15 cases were selectea

to encompass the entire range of interest.

What follows are the results of these test cases.
First, the results from the 37(13) system including
the "trigger" concept are presented. Next, the u(7)
system in its entirety and in the combustion mode
alone is discussed. Globtal and partial eqguilibrium
results in the combustion mode follow. Lastly,
temperature-time profiles and computational times are

compared for all four systems.

4.3.2 The 37(13) System
4.3.2.1 Tenmperature-Time Profiles

45 cases wvere run to sterve as a basis

of comparison for the test systems described
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previously. Sufficient data points were obtained for
all cases and each case yielded a characteristic
S-ghaped curve for the temperature versus time
profile. FPor each case, it was necessary to obtain a
data point at the ignition temperature, defined in
the classical sense as 58 of the temperature rise
from the initial state to the final equilibrium
state, in order to set initial conditicns for the
test cases. Problems arose, however, when trying to
pinpoint the ignition temperature. As a result,
satisfactory ignition conditions could not be
calculated for nine cases due to time constraints.
These cases were omitted from data base and the
remaining 36 cases are given in Table 5 with
corresponding ignition temperature, time, and mass

fraction of OH.

Tables 4 and 5 show that the ionition delay time
is a function of initial temperature, pressure, aud
equivalence ratio. This function is complicated
since it is inversely proportional to initial
temperature, nearly independent of equivalence ratio
except at low temperatures (850°K ana 900°K),
proportional to pressure at temperatures of 850°K andg
900°K, and is inversely proportional to pressure at
temperatures qreater than or equal to 1000°K in the

ranges studied. These results are similar to the

- S2 -
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results reported by Rogers and Schexnayder (reference

2) in their extensive study which included 6uv
reactions and 20 species. Since the results are
similar to those of Rogers and Schexnayder, the
37(13) system serves as a good basis for the

remaining systems to be compared with.

4.3.2.2 The "Trigger"™ Concept

In order to test systems in the
"combustion® mode it is necessary to determine when
the transition to the "combustion™ mode takes place.
It was to this end that the concept of a "trigger"
species was first proposed by Chinitz in reference 9.
The concept involes the tracking of the mass fraction
of one of the species. When its value becomes
greater than a preset value, the system is said tc be

in the "combustion™ mode.

There are several reguirements for a species to
serve as an effective trigger from ignition to
combustion. The concentration of an effective
trigger species must be single-valuea (the value cf
the mass fraction at the ignition point is not again
obtained) and undergo a sufficiently large change
during the ignition process that its crossover into

the combustion mode is unmistakeable. It was

-5'3..
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believed that the hydroxyl radical, 0H4, would .

serve that purpose.

Results here confirm the work of reference 9.
Table 6 and Figure 4 show how the mass fraction of OH
varies with time for a representative case (case
numher 23). It is easily seen that OH has all the
requirements to serve as the trigger species. The
ignition point is well-defined and is

single-valued.

It is of interest to estimate the trisger point
for all values of equivalence ratio, pressure, and
temperature studied. A plot of the ignition
temperature vs the mass fraction for OH at the
ignition point is shown in Figure 5. A least-squares
linear f.: of 1ln Tjg is Yonjg Was determined

to be
1n Tig = 0,085 1n YOHig + 7.65 (3)

This linear relationship predicts values within a
factor of 2.5 (generally vell within) for all
pressures an equivalence ratios examined. This
provides a large advantage over the non-linear
relationshi‘p, developed in reference 9 which was
limited to an equivalence ratio of 1. With the
selection of a trigger species whose value can be

estimated, the test systems can now be examined.
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4.3.3 The 8(7) Systenm
4.3.3.1 Ignition and Combustion

The 8(7) cytstem was run from tirne
zero to equilibrium for the nine cases marked with an
exclamation point in Table 4. Five of these cases
(3, 6, 9, 12, 15) represent a get of constant
pressure, constant ecquivalence ratio conditions with
varying initial temperature. These were selected to
determine how the initial temperature affects the
ignition delay time when compared to the 37(13)
system. The remaining four cases (13, 22, 25, 29Y)
were arbitrarily picked in an attempt to see the

effects of pressure and equivalence ratio.

Figures 6-10 show a comparison of temperature-
time histories for the 37(13) and 8(7) systems for
cases 3, 6, 9, 12, 15, respectively, in both the
ignition and combustion modes. Figures 6 and 7 show
the delay time to be more than an order of magnitude
lower for the 8(7) system at low temperature.
Figures 8-10, however, show that the delay time for
the 8(7) system is greater than the 37(13) system at
higher temperatures. It is therefore concluded that
a transition takes place between an initial
temperature of 900°K and 1000°K. (It should be noted
that a ten percent mixture of hydrogen in air has an

ignition temperature of bectween B893°K and 1020“'13).

- 55 -




Pigure 11 shows a plot of ignition delay time vs.

1000T,""

for the 8(7) and 37(13) systems at a
pressure of one atrosphere and an equivalence ratio
of 0.5. The tvo curves crogs at a temperature of

970°K where their ignition delay times are equal.

These results imply tnat for any constant
pressure and constant ¢ there is a T, for which
the two systems have the same igniticn delay taime.
At these conditions, the 8(7) system can descrite the
37(13) system in both the igniticn and combustion
modes. It also might be expected that at
temperatures away from this particular initial
temperature, the 8(7) system might lag behind or
proceed ahead of the 37(13) system when tested at

ignition conditions in the “combustion®™ mode.

The remaining four cases all had initial
temperatures at or above 1000°K. The results of
these cases were again that the delay time was nigher
for the 8(7) system than that of the 37(13) system.
No significant effects of pressure or equivalence
ratio were found in these limited case. The 8(7)
system was now tested in the “"combustion® mode with a

focus on the effect of initial temperature.
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4,.3.3.2 The *"Combustion®" Hode

The 15 cases marked with an asterisk
in Table 4 were run for the 8(7) system in the
"combustion mode.* For all pressures, temperatures,
and equivalence ratios studied, the 8(7) system haa a
higher eguilibrium temperature than that of the
37(13) system. This result was expected in that the
8(7) system neglects nitrogen dissociation. It was
also found that for all conditions, the 8(7) system
lagged behind the 37(13) system after the ignition
point then equaled and surpassed the 37(13) curve
(see Figure 12). This result was contrary to the
expectations of section 4.3.2.1. It was thought that
for some initial temperatures the 8(7) system woula
reach equilibrium more equickly than the 37(13)

system. This, however, was not the case.

The amount of lag, however, was found to be a
function of the relationship between the actual
ignition temperature and the ignition temperature
calculated from equation 1 (designated herein as
“"classical®™ ignition temperature}. If the ignition
temperature used (and also all other initial
conditions) was between the initial temperature and
the classical ignition temperature, then the 8(7)
system described the 37(13) system very well. If the

temperaturc used was greater than the classicel
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ignition temperature, there was an appreciable lag
(see Pigure 12). Therefore, as the difference
between the initial temperature and ignition
temperature used increased, the lag became greater.
No cases were found where the 8(7) system reached
equilibrium'more quickly than the 37(13) system. It
is concluded, therefore, that ignition temperatures
lower than the classical ignition temperature should
be used. It was not determined what percent below

five percent should be used.

4,3.4 The Global Model

The global model in Table 3 was first
proposed in reference ll. The reaction rate constant
for each reaction is adjusted so that the global
model describes the 37(13) system in the combustion

mode.

Before determining these adjusted rate
constants, it was useful to observe how varying each
rate constant affected the temperature-time profile.
It was observed that increasing kg, (the
subscript 4 refers to the first reaction; subscript 5
refers to the second reaction using the notation in
reference 11) slows down the reaction. This was
referred to as a "lagging”™ system in the previous
section. Increasing ka speeds up the reaction.

Tne system is very sgensitive to an increase or

- 58 -
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decrease in kgg While being rather insensitive to
a variation in kfd' It was decided to fix Ni and
Ei at the came values as in reference 10; namely,
Eg4 = 4865 cal/mol
Ng = =10
Eg = 42,500 cal/mol
Ns ® =~13
Due to the insensitivity of the system to
Keqr it was also decided that Ay could be

retained as in reference 1ll:

Ry (8) = (8.917¢ + 31.433)¢ - 28.950) x 10°7, cn/mol-s.

It should be noted that A4 is a function of ¢ only.

The effect of pressure, which was neglected in
reference 11, was included in the determination of
Ag. As a result, Ag is a function of pressure-
and equivalence ratio and has the form Ag (¢,p).
The sensitivity of the system to kfg Permitted
substantial changes to be made to the temperature

profiles produced by the global system.

Table 8 shows the values of Ay and Ag
determined in order to desc-ibe the temperature-time
profile required. Figure 13 shows a plot of A,
(which.is independent of pressure) vs.$ . Figure 14

shows plots of Ag Vs, pressure for various ¢ 's.

_59 -
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As other authors have reported, large discrepancies

exist between results for equivalence ratios less
than or greater than one. The relationship between
As 2nd pressure and equivalence ratio must be

broken up into two equations for the ranges studied:

“For¢ >1

A
—————————

' AR 5
hs =(8.80 + 5.85/0 - 3.67¢ - 4.80p - 3.200/¢ + 2.00:4 )41 (

For ¢ < 1

o = 0.676) 55707 (8.80 + 5.85/¢ - 4.80p - 3.20p/¢ + 2.00pe)x (6
5 ) B .

Toad

These equations predict values of Ag to within

10% for the ¢ 's studied..

In all cases, the global mode lags behind the
37(13) system for a short period following ignition.
Then the global model egquals and exceeds the 37(13)
system and reaches equilibrium (see Figure 15). The
equilibrium temperature of the global model should be
higher than that of the 37(13) system due to

dissociation.

This again, however, is controlled by the
ignition temperature used by the global model. If
the ignition temperature used is greater than the
classical ignition temperature, then the equilibrium
temperature is less than the classical ignition
temperature. If the ignition temperature is less

- [vo -
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than the classical, then the equilibrium temperature
reached is greater than the 37(13) system as

expected.

Initial temperature also has an effect on the
accuracy of the ylobal model. As the initial
temperature increases, the difference between the
global model and the 37(13) system increases. ko
effect on pressure or equivalence ratio was

found.

The global model predicts very well the
temperature-time profile of the 37(13) system. These
results, however, show the importance of the ignition
temperature used., It is suggested that ignition
temperature be a variable to be tested in future
work. Noneéheless, the global model shows promise 1n
accurately reproducing temperature-tine profiles with
a minimum of computational time and computer storage

requirements.,

4.3.5 The "Partial Equilibrium" Assumption

Thé "partial equilibrium® assumption is
already in use in combustion analysis} however 1ts
applicability to this present study in the ranges of
interest has not been determined. This assumption

states that the bimolecular shuffling reactions occur
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80 rapidly that the are bzsically in equilibrium. If
this is the case, the kinetics equations can be
replaced by the algebraic laws of mass action as
discussed in reference 1l2. Therefore, a number of
partial differential equations are replaced by
algebraic equations and the remaining partial
differential equations are simplified. If
appropriate criteria are specified e&s to when this
éssumption is applicable, computer running times will

be greatly vreduced.

It was to this end that an approximation to tne
"partial equilibrium®™ assumption was tried. Insteaa
of incorporating algebraic equations into the
computer program, infinitely fast reaction rates
would be approximated by using extremely large
numbers (on the order of 1050) for the
preexponential factor. It was anticipated that this
would sufficiently approx‘mate the "partial

equilibrium®™ assumption.

Substantial numerical difficulties arose in
trying the approximation. First, the largest
preexponential factors thezt could be used were of the
order of 10%%, Still, this was at least 5 orders
of magnitude greater than any other preexponential
factors, Hext, the precision of the program needed to

be upgraded two orders of magnitude by adjusting the

- L2 -
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BEMAX parameter. Pinally, this approach produced
erroneous results such as temperatures exceeding the
equilibrium temperature when the Gear integration
procedure was used. The clower Adams method was then
used which gave results which were physically
plausible. Due to these problems, running times were
very long. This was not the main concern, however.
Rather, the primary goal was to test the partial
equilibrium assumption against the 37(13) system in

the ranges studied.

Figures 16~30 show how the approximation to the
*partial equilibrium™ assumption compared to the
37(13) system. For low temperatures (850°K, 900°K)
and for all cases with an equivalence ratio of 0.5,
the partial equilibrium assumption reproduced the
37(13) curve well. In the remaining cases, however,
the assumption did not approximate the profile
accurately. The shape of the curve was not even

presecver,

It appears that the approach to approximating
the "partial equilibrium™ assumption has a narrow
region of validity; namely, low initial temperatures
and low equivalence ratios. As stated before, no
conclusion can be drawn about the assumption itself,

It is suggested that future work include the
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incorporation of zlgebraic laws of mass action into

the computer program to more precisely deternine the

validity of the assunption.

4.3.6 Comparison of the Pour Systens
4,3.6.,1 Temperature-Time Profiles

Figufes 16-30 show a comparison
of the 37(13) systems for the 15 cases marked with an
asterisk in Table 4. The ignition mode of all 15
cases is that of the 37(13) system which continues in
the combustion mode. The test systems start at the

ignition point and reach an equilibrium temperature

different from the 37(13) system.

The lag of the 8(7) system is shown in these
figures. The lag is more a function of the
relationship between the ignitinn temperature used
and the classical ignition temperature than the
initial temperature, pressure, or equivalence ratio.
The 8(7) system reproduces the temperature-time curve

very well, as expected.

The inital lag and eventual higher equilibrium
temperature of the global model is shown in all 15
cases. Initial temperature has a substantial effect
on the accuracy of the global mode. As the initial

temperature increases, the temperature differences



between the global rodel and the 37(13) curves become
large. These perhaps could be corrected by starting

the global model at a different ignition temperature.

Partial equilibrium curves accurately reproduced
the temperature-time curves for cases 2, 4, 9, 11,
15, 18, 20 and 31, This suggests that the partial
equilibrium assumption might suffice at lower initial
temperatures and equivalence ratios. The numerical
difficulty in obtaining these results sheds

uncertainty on this conclusion.

Figures 31 and 32 represent the results of using
an ignition temperature higher than the classical one
to cases 11 and 15, respectively.  The 8(7) system is
observed to lag behind the 37(13) system to a greater
extent than usual. The global model, in fact, has an
equilibrium temperature which is 200 degrees below
normal. These figures reinforce the importance in
the selection of initial conditions for any test

system,

4.3.6.2 Computational Time

Results of the average
computational times for the various systems are shown
in Table 9. The global model has the lowest

computational time as expected, with an average time
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of approximatley 1/68 that of the 37(13) system.
Excessive computational time of the partial
equilibrium system was related to the relatively nigh
reaction rate constants enployed, the use of the
Adams method rather than the Gear method, and the
precision which wus required to perform "partial

equilibrium®™ calculations.
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4,4, Conclusions and Recommendations

4.4.1 Summary

A data base, in the ranges of initial
temperature between 850°K and 1200°K, pressure
between 0.5 and 1.00 atmospheres and equivalence
ratio between 0.5 and 1.5, was established with the
37(13) system serving as the basis. Due to the large
amount of data produced, it is necessary to clarify
these results. First, these results are summarizea.
Next, conclusions are enumerated. Finally, .

recommendations for future work are given.

The first part of the work was selecting a gooa
trigger species. It was concluded that the hydroxyl
radical, CH, serves as an effective trigger. The
value of the mass fraction of OH at ignition can pe
estimated in the ranges studied within a factor of
2.5 (generally well within) according to equation

32.

Next the 8(7) system was studied in the
"ignition™ and "combustion"” modes together and then
in the "combustion®™ mode alone. It was concludea
that a transition takes place between an initial
temperature of 900°K and 1000°K (at a pressure of one
atmosphere and an equivalence ratio of 0.5) where the
ignition delay time of the 8(7) system switches from

less than to
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greater than the 37(13) system. It was further

concluded that at an equivalence ratio of 0.5,
oressure of 1.0 atmosphere and initial temperature of
970+30°K the 8(7) system can cpproximate the
temperature-time profiles of the 37{1!2) system in
both the ignition and combustion modes. It is
recommended that future work include the
investigation of conditions where the 8(7) system can

describe the 37(13) system in both modes.

In the combustion mode alone, the 8(7) system
reproduces the temperature-time profiles very well
for all cases studied. The variabivs which were
major factors in the accuracy of these profiles were
the temperatures and species' concentrations used at
ignition. If the temperature used was less than, but
close to, the classical ignition temperature, then
the profiles w.re very accurate., If, however, the
temperature used was greater than the classical
ignition temperatures, then the 6(7) system lagged
behind the 37(13) system somewhat. Future work,

should include the investigation of this phenomenon.

Next, the global model was studied in the
combustion mode. Preexponential factors were
determined with a rather large discrepancy between
results for an equivalence ratio less than or greater
than one. For all cases, the global model lags

- bLg -
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behind the 37(13) system initially then exceeds it at
equilibfium. Two variables had an effect on the
accuracy of this model. Pirst, the conditions used
at ignition had a substantial effect on accuracy
again. A lag was produced by using a temperature
greater than the classical ignition temperature.
Secondly, as the initial temperature increases the

accuracy of the global model decreases.

Finally, an approximation to the “partial
equilibrium®™ assumption was tried. Numerical
difficulties arose in the execution of this approx:i-
mation. Nonetheléss, it was concluded that at low
temperatures and low equivalence ratios the approach
to approximating the partial equilibrium assumption
is valid. No conclusions could be drawn about the

"partial equilibrium®™ acsumption itself.

Results for the various systems show
the global model to have the lowest average
computational time followed by the 8(7) system, the
37(13) system, and the “partial equilibrium"™ model,
The two-step global nmodel has a computational time of

approximatley 1/8 that of the 37(13) system.

4.4.2 Conclusions
The following conclucions can be drawn based on

the results of this study:
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(1)

(2)

(3)

(4)

(5)

(6)

(7

(8)

{(9)

The hydroxzyl radical, Ci, serves as an
effective trigger species.

A transition takes place between 900°K and
1000°K (at a pressure of 1 atmosphere and
an equivalence ratio of 0.5) where the
ignition delay time of the 8(7) system
switches from less than to grecater than the
37(13) systen,

At 2 pressure of one atmosphere, an
equivalence ratio of 0.5 and an initial
temperature of 970+30°K the 8(7) system can
accurately approximate the temperature-
time profile of the 37(13) system in both
the ignition and combustion modes.

For all cases, the 8(7) system describes
the 37(13) system very well in the
combustion mode.

A lag is produced in the 8(7) and global
models when using 1ignition temperatures
greater than the classical ignition
temperature.

The global model satisfactorily reproduces

the temperature-time profiles of the 37(13)
system with a minimum of computational time
and computer storaqge requirements.

As the initial temperature increases, the
accuracy of the qlobal model decreases.

Nd conclusions can be drawn concerning the
*partial equilibrium® assumption.

The approach to approximating the “"partial
egquilibrium®™ assumption has & narrow region
of validity; narely, low initial
temperatures and low equivalence ratios.
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(10)

The global model can approximate the 37(13)
system with an average of 1/8 the
computational tine,

4.3 Recommendations

Based on the results of this study, the

following recommendations are made for future work:

()

(2)

(3)

(4)

Investigate conditions where the 8(7)
system can accurately describe both the
ignition and combustion processes.

Study the effects of varying ignition
conditions; namely, above and below the
classicial ignition temperature. This will
chow the relationship between ignition
conditions and the lag of the system.,

Continue to investigate the two-step glopal
model as it seems to have the most promise
in reproducing temperature-time profiles
with a minimum of computational time.

Incorporate the algebraic laws of mass
action into the computer program to more
precisely determine the validity of the
"partial equilibrium®™ assumption.
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Table 1 - 37(13) System

REACTION
NUMBER
1 H + 1202 = 1%0 + 1*0
2 M + 1%H2 s 1*H + l*n
3 M + 1%120 = 1*H + l1*0n
4 1*H 4 1*02 = 1*HO2 + M
S H + 1*R02 = 1*NO + 1*0
6 .| + 1°NO = ]1*N + 1+*0
7 M + 1*3202 s  1*0OH + l1*0n
8 M + 1¥03 = 1*02 + 1*0
9 1*0 + 1*H = ]1*QH + M
10 1*H20 + 1t0 = ]1*0OH + 1*0On
11 1*H2 + 1*0H = ]1%H20 + 1oy
12 102 + 1*H = 1*0OH + 1*0
13 1*H2 + 1*0 = 1*QOH + l#H
14 1*H2 + 1*02 = 1*QOH + 1*0n
15 1*H + 1*HO2 = 1*H2 + 1*0¢
16 1*H2 + 1202 = 1*H20 + 1*0
17 1*H + 1*HO2 a 1*0OH + 1%0n
18 1*H20 + 1*0 = 1*H + 1*410¢
19 1%0 + 1*HO2 = ]1*0H + 1r02
20 1*0OH + 1*HO2 = 1*02 + LITP{Y)
21 1*H2 + 1*H02 s 1*H20 + 1*0n
22 1#*HO2 + 1*H2 = 1*H + 1*he02
23 1*H202 + 1*H = 1*0OH + 1*1420
24 1*HO2 + 1*CH = 1%*0 + 11202
25 1*302 T4 1*H20 = ]1*0H + 1*01202
26 1*HO2 + 1*HO2 = ]1%"H202 + 1*04
27 1*0 - + 1*03 = 1*02 + 1*02
28 1*03 + 1*N0 =  1*NO2 + 1*0¢
- 29 1*03 + 1*H = 1*OH + 1r02
30 1*03 + 1%*0H = 1*02 + 1* 402
31 1*0 + 1*N2 = 1?NO + 1N
32 1*H + 1*NO = 1*OH + 1IN
33 1*0 + 1*NO = 1*02 + 1N
34 ~ 1*NO2 + 1*H = 1*KNO + 1*0H
35 1*N02 + 1*0 = 1*KRO + 102
36 1*HO2 + 1*NO = 1*20 + 1*0n
37 1*03 + 1*HO2 = 2%02 + 1+0d

M, is an inert species
2
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TABLE 2 - B8(7) SYSTEM

REACTION
NUMBER REACTION

D | M + 02 = 0 + O+M
2 M + H2 ® H + He+M
3 M + H20 = H + OH+¥
4 M+0 + H " OH + v
5 H20 + 0 " OR” + H
6 H2 + OH x H20 + H
7 02 + H 1 OH + 0
8 H? + 0 = 0K + H

Nz is an inert species
- “[3 -
) -

______..a—-—-—‘-"“‘""“ e
s pmasa it



TABLE 3 - 2 STEP GLOBAL HODEL

H2 + 02 - 2*0K

2*0H + HZ -"2+H20

Nz is an inert species

(1)
(2)

Iy
<3
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TABLE 4 -~ 45 CASES

CASES ¢ p, atm
1 0.5 0.5
*2 0.5 0.75
13 0.5 1.0
4 0.5 0.5
5 0.5 0.75
16 0.5 1.0
7 0.5 0.5
8 0.5 0.75
*9 0.5 1.0
10 0.5 0.5
*11 0.5 0.75
12 0.5 1.0
13 0.5 0.5
14 0.5 0.75
*115 0.5 1.0
16 1.0 0.5
17 1.0 0.75
it 1.0 1.0
19 1.0 0.5
*20 1.0 0.75
21 1.0 1.0
122 1.0 0.5
*23 1.0 0.75
T 24 1.0 1.0
*125 1.0 0.5
26 1.0 0.75
27 1.0 1.0
©8 1.0 0.5
129 1.0 0.75
30 1.0 1.0
3] 1.5 0.5
32 1.5 0.75
33 1.5 1.0
34 1.5 0.5
35 1.5 0.75
<3 1.5 1.0
37 1.5 0.5

]
-
A

t

T, K

850
850
850
900
500
900
1000
1000
1000
1100
1100
1100
1200
1200
1200
€50
850
850
900
900
800
1000
1000
1000

1100

1100
1100

- 1200

1200
1200
850
850
850
500
500
500
1000

n
3



TABLE 4 (Cont.)

CASES ¢ p, atm T, K
38 1.5 0.75 1000
*3y 1.5 1.0 1000
40 1.5 0.5 1100
4] 1.5 0.75 1100
42 1.5 1.0 1100
*43 1.5 0.5 ‘ 1200
44 1.5 0.75 1200
45 1.5 1.0 1200
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TABLE 5
Tiq

918
961
960
574
1045
1063
1024
1160
1260
1260
935
970
985
966
1027

1012

1039
1170
1117
1170
1275
1275
1270

926

892

934

968

954
1012
1024
1062
1160
1163
1160
1275
1303

37(13) DATA

17

Tig

0.48E0

0.80t-3
0.13E-2
0.11E-1
0.21E-3
0.15E-3
0.12t-3
0.69E-4
0.60E-4
0.29E-4
0.46E0

0.76E-3
0.12E-2
0.48t-2
0.20E-3
0.14E-2
0.12E-3
0.10E-3
0.60t-4
0.45E-4
0.55E-4
0.38t-4
0.35E-4
0.11t-1
0.27E0

0.80t-3
0.11E-2
0.35E-2

10.20£-3

0.15E-2
0.13E-3
0.10E-3
0.70t-4
0.45E-4
0.59E-4
0.30E-4

You,

S ———

0.66E-4
0.10E-3
0.13E-3
0.16E-3
0.51¢t-3
0.60E-3
0.15&-3
0.90t-3
0.34E-2
0.22t-2
0.18£-3
C.40E-3
0.18E-3
0.10E-3
0.20E-3
D.11E-3
0.18E-3
0.16E-3
0.27¢-3
0.90t-3
0.30£-2
0.30E-2
0.302-2
0.80t-4
0.17e-4
0.57E-4
0.11E-3
0.61E-4
0.67E-4
0.11E-3
0.26E-3
0.91E-3
0.91E-3
0.90E-3
0.17€-2

0.29€-2
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TABLE 6 ~- TRIGGER SPECIES vs. TIME
0 | 0
. 0.1E-5 N.68E-9
0.2£-4 0.38E-8
0.3E-4 0.81E-8
0.4E-4 | 0.17€-7
0.6E-4 0.75€-7
0.7E-4 0.16E-6
0.8E-4 0.35E-6
0.9E-4 0.82E-6
0.1E-3 0.21E-5
0.12t-3 0.15E-4
*0.14E-3 ' 0.11E-3
~0.2E-3 0.15E-1
0.3t-3 0.19¢-1
0.4E-3 0.15E-1
0.5E-3 0.18E-1 -
0.86-3 - T 0.17E-1

* ignition point



TABLE 7
COMPARISON OF IGNITION TIMES FOR 37(13) AND 8(7) SYSTEMS

Tn 37(13) Tig (sec) 8(7) 14 Lee)
850 6.7 x 107! 1.1 x 1073
900 1.1 x 1072 6.6 x 10°°
1000 1.3 x 1074 2.6 x 107
1100 0.5 x 10°¢ 1.5 x 10°°
1200 0.3 x 1079 0.7 x 107

- 19 -

- 3



TABLE 8

PREEXPONENTIAL PACTORS FOR GLOBAL HMODEL

CASE A, g
2 3.8E48 4.1E65
4 3.8E48 4.4E65
9 . 3.8E48 2.3865

1 3.8£48 2.3E65
15 3.8E48 1.1£65
18 1.2£48 5. 5£64
20 1.2£48 9.0£64
23 1.2E48 6.0£6¢
25‘ 1.2E48 9.056¢
28 1.2E48 8.0:64
3 5.0£47 6.3566
36 5.0£47 3.7E64
3 5.0E47 4.0864
41 5.0E47 4.6E64
43 5.0E47 5.1£64

- 80 -



D P e e o T A N s I e e PO T U RS LA A E S RS T SR SRR
'_A PSR i

. " TABLE 9
COMPARISON OF COMPUTATIONAL TIMES
) ' ' AVERAGE
TINE  (seconds)
37(13) 87.5
8.(7) 12.3
Global 11.4

Partial 1258
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5. APPLICATION OF THE CHARNAL CODE TO TURBULENT REACTION
RATE MODELING

Work has been continuing dealing with the use of the
CHARNAL computer code to assess and refine the turbulant reaction

rate model discussed in previous status reports. At this time,

LA SR YSRGS |

k]

three experiments are being examined using the code: (1) the
Beach experiment (initial results are contained in a forthcoming
NASA TM)}; (2) the Kent and Bilger experiment (see fig. 1l):

(3) the Northam experiment (see fig. 1l). Some preliminary results

. -

obtained using the code in its non-finite-rate reaction modes

are shown in figs. 2 - 5. In fig. 2, the experimental axial center-

G ke e s AT T S e g g a3
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ISR SNl 70 »-H-J-:jwu‘i.do-f..qrpﬂy“y:‘H FE U L e Y § 1y e

Ll

line temperature profile ie shown along with CHARNAL results run

as free jet with specified axial pressure gradient. As can be

seen, the assumption of complete reaction results in too rapid a
temperature increase and too high a maximum temperature. The
eddy breakup assumption produces opposite results, indicating too
slow a reaction rate. For purposes of comparison, the results
- of Edelman and Harsha (ref. 1) are shown and are seen to be relatively
poor.
¥hen the complete reacticon and eddy breakup models are

run assuming a confined jet, wherein the axial pressure gradient is

computed by the code, both tend to lead to too rapid a temperature

-

Bl

4 rise (fig. 3); however, in both cases, the predicted maximum tempera-
o

| ture is only slightly too high. We plan to run this same case

5 employing "turbulent" kinetics using the model developed under this
4

3!

A grant,

-{0D0~

3

]

4

l e v e y——— v e -
e v .

R Sk At hed ot X b B Mo nt 2h g T
e v o e et A e T g we Oh A S gy AR LA D B R LN e e ity Wow




T

LY i B

. Preliminary results for the Northam experiment are in

——
.

S Y T

figs. 4 and 5. Computer calculations involving this experiment

it
in

will be made in close coordination with HPB personnel.
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